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Abstract
Geographic patterns of Cu, Pb and Zn enrichment on the Lisbon-Setúbal-Sines continental shelf and upper slope (central Portu-
guese margin) were studied in this paper to gain insight into current pathways of trace metal dispersal. Our study is based on the 
analysis of elemental concentrations and mineralogy of surface sediment samples collected offshore one of the most industrialised 
areas of Portugal. On the Lisbon-Setúbal-Sines shelf concentrations of Al, Fe, Mg, Ti within the fine-grained sediment fraction ap-
pear to a large extent related to the amount of fine-grained fraction in the bulk sediment. The extent of enrichment of trace metals in 
the studied area follows the sequence: Pb > Zn > Cu. Generally, the enrichment of trace metals tends to decrease in offshore direc-
tion suggesting that the excess of trace metals must be derived from land. The areas of the Lisbon-Setúbal-Sines shelf most affected 
by enrichment of trace metals include the Tagus and Sado mud patches and the inner shelf between Tróia and Sines, including the 
areas close to the Sado outlet and the area adjacent to the St. André and Melides coastal lagoons, which highlights the nearby estuar-
ies and the lagoons as likely sources for the enrichment. In addition, the more widespread enrichment of Pb in sediments points to 
contributions from atmospheric inputs. The similarity between the results here presented with later data from other authors allows 
concluding that our results provide a representative view of trace metal enrichment in surface sediments between 1980 and 2000.
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Resumen
Los patrones geográficos de enriquecimiento de Cu, Pb y Zn en la plataforma continental y talud superior de el margen central 
portugués de Lisboa-Setúbal-Sines fueron estudiados en este trabajo Para profundizar en el conocimiento de las vías actuales de 
dispersión de metales traza. Nuestro estudio se basa en el análisis de las concentraciones elementales y de la mineralogía de muestras 
de sedimentos superficiales recogidos a lo largo de la zona más industrializada de Portugal. Las concentraciones de Al, Fe, Mg, Ti 
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1. Introduction
The elemental composition of marine sediments is de-
termined primarily by the mixture of particulate com-
ponents that make up the bulk of the sediment. These 
components include lithogenic material derived from 
continental erosion, their composition reflecting the geol-
ogy of the source area, as well as biogenic material pro-
duced in the marine environment (Fütterer, 2006). Trace 
elements, generally occurring in very low abundance 
at the Earth’s surface, may become enriched in certain 
marine deposits, due to their high affinity to particulate 
matter, and under influence of physical sediment sort-
ing and diagenetic alteration. Enhanced concentrations 
of trace metals in recent surface sediments, especially in 
the continental shelf environment, often reflect anthro-
pogenic input in addition to input from natural sources. 
The distinction of contributions from both sources and 
the study of the anthropogenic fraction of elements may 
be relevant not only for assessment of anthropogenic im-
pact in marine environment but also to highlight path-
ways of recent sediment transport (e.g. Jesus et al., 2010). 
For the latter purpose, particle-reactive chemical species 
which are adsorbed to the surface of particles are espe-
cially good tracers. Since the majority of anthropogenic 
contaminants are derived from the mainland they may be 
used to track recent input of terrigenous sediments and to 
identify the main depocentres of recent sediments. The 
potential of these tracers increases as the signatures of the 
potential sources are better known.
The distinction of the natural and anthropogenic frac-
tion through bulk concentrations is complicated by the 
unequal distribution of trace metals over different grain-
size fractions and different components of the mineral 
and organic matrix (Loring and Rantala, 1992). For this 
reason, trace metal contents are usually assessed with-
in a defined grain-size fraction, and normalised against 
a common major element representative for the natural 
sediment fraction. Such normalisation procedures are 
especially important where samples from different sedi-
mentary settings are compared. After normalisation, trace 
metal contents in contaminated recent sediments can be 
compared with contents in older, non-contaminated sedi-
ments from a similar environmental setting. The observed 
recent excess in trace metal content can then be directly 
interpreted as the anthropogenic input.
In this paper we discuss the distribution patterns of 
major and trace elements in the fine-grained fraction of 
surface sediments from the central Portuguese shelf and 
upper slope and assess the geographic patterns of Pb, Zn 
and Cu enrichment offshore one of the most industrial-
ised areas of Portugal. In addition, we infer about sources 
of these trace metals in order to gain insight into the path-
ways of recent trace metal dispersal in the studied shelf 
area. Our study is based on the analysis of elemental con-
centrations and mineralogy of surface sediment samples 
collected from the shelf and upper slope between Cape 
Raso and Cape Sines (central Portuguese margin). Previ-
ous trace metal studies in the same area are scarce and 
mostly deal with more limited geographic areas, such as 
the continental shelf adjacent to the Tagus and the Sado 
rivers (Paiva et al., 1997; Jouanneau et al., 1998) and the 
Tagus mud patch (Mil-Homens et al., 2009).
2. Regional Setting
We studied a section of the central Portuguese shelf 
and slope extending between Cape Raso in the north and 
Cape Sines in the south (Fig. 1). On the landward side, 
the studied shelf area is bounded by a coast constituted 
of low mountain ranges ending in cliff coasts, two ma-
jor estuaries, and coastal arcs with sand beaches, dunes 
and coastal lagoons. On the seaward side, the shelf ends 
abruptly in steep and gullied slopes that lead down to 
deeply incised submarine canyons. In its southern part 
the shelf passes more gradually into a gentle slope. The 
shelf, varying in width between 3 and 30 km, is naturally 
divided in three compartments by protruding capes and 
en la plataforma de Lisboa-Setúbal-Sines dentro de la fracción de sedimento de grano fino aparecen en gran medida relacionadas 
con la cantidad de fracción fina en el sedimento total. El grado de enriquecimiento de metales traza en el área de estudio sigue la 
secuencia: Pb> Zn> Cu. En general, el enriquecimiento de los metales traza tiende a disminuir en dirección al mar adentro lo que 
sugiere que el exceso de metales traza se debe derivar de la tierra. Las zonas de la plataforma Lisboa-Setúbal-Sines más afectadas 
por el enriquecimiento de trazas de metales incluyen los depositos de lodo de Tajo y de Sado y la plataforma interna entre Tróia 
y Sines, incluyendo las áreas cercanas a la salida del Sado y de las lagunas costeras de St. André y Melides, que sugiere que estos 
son las posibles fuentes de enriquecimiento. Además, el enriquecimiento más generalizado de Pb en los sedimentos apunta a las 
contribuciones de los aportes atmosféricos como fuente principal. La similitud entre los resultados aquí presentados con los datos 
posteriores de otros autores permite concluir que nuestros resultados proporcionan una visión representativa del enriquecimiento de 
metales traza en sedimentos superficiales entre 1980 y 2000.
Palabras clave: Metales traza, Contaminación antropogénica, Patrones de distribución de sedimentos, Plataforma continental, Portugal
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deeply incised canyon branches. 
The northern compartment, which we refer to as the 
Lisbon shelf, extends between Cape Raso and Cape Es-
pichel. It is bounded to the north by a stretch of cliffs 
extending eastwards from Cape Raso to the Tagus River 
mouth, and to the east by a coastal arc with dunes and low 
cliffs extending southwards from the Tagus River mouth 
to Cape Espichel. Parallel to this eastern land boundary, 
the Lisbon Canyon cuts deeply into the Lisbon shelf, 
with the canyon head located 13 km off the Tagus River 
mouth. To the south the Lisbon shelf is delimited by steep 
slopes that lead to the Cascais Canyon. The recent sedi-
ment cover on the Lisbon shelf is largely determined by 
sediment discharge from the Tagus (Tejo) River, a major 
river draining an area of more than 80 000 km2 and with 
a mean annual discharge of 16 x 109 m3 y-1. Sediment 
discharge onto the shelf has resulted in the formation of 
a large submarine protofluvial delta in front of the river 
mouth, which forms part of a large expanse of essentially 
muddy sediment covering almost the entire Lisbon shelf, 
and which is known as the Tagus mud patch. The mud 
patch has an area of about 560 km2 and is composed of 
Fig. 1- Surface sediment distribution on the continental shelf between Cape Raso and Cape Sines with location of surface sediment samples 
analysed in the present study. Different symbols within the circles represent the different analyses performed on the samples.
Fig. 1- Distribución de los sedimentos superficiales de la plataforma continental entre Cabo Raso y Cabo Sines con la ubicación de las muestras 
de sedimentos analizados en el presente estudio. Los diferentes símbolos dentro de los círculos representan los diferentes análisis realizados 
sobre las muestras.
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Sediments recovered from the edges of the Cascais, 
Lisbon and Setúbal Canyon canyon invariably consist of 
fine-grained predominantly terrigenous material, in ac-
cordance with observations by Jouanneau et al. (1998) 
and De Stigter et al. (2011).
3. Materials and Methods
3.1. Field sampling and sample preparation
Hundred and seventeen surface sediment samples 
from water depths between 1 and 572 m on the continen-
tal shelf and upper slope, between Cape Raso and Cape 
Sines, were collected between 1980 and 1987 during 
several cruises conducted within the framework of Insti-
tuto Hidrográfico internal project SEPLAT (Fig. 1). These 
samples, representing approximately the first 15 cm of the 
sediment column, were collected using Shipek, Van Veen 
and Smith McIntyre grabs. These samples have been  kept 
at Instituto Hidrográfico laboratories in controlled condi-
tions.
Each shelf sample was homogenised and split in two 
portions for different analyses: 1) mineralogical and 
grain size analyses and 2) elemental analysis. The first set 
of samples was treated with hydrogen peroxide (H2O2, 5 
%) to remove organic material. H2O2 was added stepwise 
until no more reaction occurred. Subsequently, samples 
were rinsed several times with distilled water to make 
sure that all the organic matter was removed. These or-
ganic-matter-free samples and the second set of untreated 
samples were mechanically dispersed by ultrasonication 
and then wet-sieved through a 63 μm sieve in order to 
normalise all sediments collected on the continental shelf 
to the same grain size fraction.
3.2. Grain size analysis
Grain size spectra of the fine-grained fraction of sedi-
ment samples from the continental shelf/upper slope 
were determined with a MALVERN MicroP 2000 laser 
forward-scattering particle sizer at the Instituto Hidrográ-
fico. The sediment was mechanically dispersed by ultra-
sonication without use of a chemical dispergent.
3.3 Elemental analysis
Hundred and six shelf sediment samples were analysed 
through ICP-MS for total concentration of Al, As, Ca, Cr, 
Cu, Fe, Mg, Mn, Ni, Pb, Th, Ti, U and Zn, at the interna-
tionally accredited ACME Analytical Laboratories Ltd – 
ISO 9002 Accredited Co. According to routine procedure 
of the laboratory, 0.25 g of sample was heated in HNO3-
HF-HClO
4
 to fuming and then evaporated to dryness. The 
sediments with more than 85 % of terrigenous material 
whereas carbonate contents vary from 5 to 9 % (Alt-Ep-
ping et al., 2007 and Jouanneau et al., 1998). Sandy and 
gravelly deposits occur on the inner shelf, where the en-
ergy of littoral currents is sufficiently high to remove the 
finer-grained sediment fractions. 
The central shelf compartment, which we refer to as 
the Setúbal shelf, extends from Cape Espichel to where 
the Setúbal Canyon approaches the southern coastline. It 
is bounded to the north by steep cliffs of the Arrábida 
Mountains extending westwards from Cape Espichel to 
the Sado River mouth, and to the east by the long sand 
spit that closes the Sado Estuary from open sea. To south 
and west the Setúbal shelf is sharply delimited by steep 
slopes of, respectively, the upper Setúbal and Lisbon Can-
yon, which merge at about 2000 m depth. Deposits of the 
Sado protofluvial delta cover only a relatively small area 
confined to the river outlet, in accordance with the much 
smaller size of this river compared to the Tagus River. 
Sandy deposits prevail on the Setúbal shelf, predominant-
ly composed of terrigenous lithoclastic material, mostly 
quartz, whereas bulk carbonate content is mostly below 
30 % (Instituto Hidrográfico, 2005). Muddy sediments 
are restricted to the northern coast of the bay in front of 
Sesimbra and to the upper Setúbal Canyon (Moita and 
Quevauviller, 1986, Monteiro and Moita, 1971).
The southern compartment, which we refer to as the 
Sines shelf, extends between the Setúbal Canyon and 
Cape Sines. This shelf area is bounded to the north by the 
upper Setúbal Canyon, which cuts deeply into the shelf 
and approaches the coast to only 6 km. To the east the 
shelf is bounded by the coastal arc that extends from the 
Sado Estuary southwards to Cape Sines, and is constitut-
ed of sand beaches, dunes and low cliffs. To the west, the 
shelf passes gradually into the gently sloping continental 
slope. Sandy deposits prevail on the Sines shelf, both on 
the inner part where finer-grained sediment is removed 
by littoral wave and current dynamics, and on the outer 
shelf near the shelfbreak, where they occur as a remnant 
of an old shoreline dated ~16000 years BP (Dias, 1987). 
These latter deposits have carbonate contents which can 
exceed 50 % although contents below 30 % predominate 
(Instituto Hidrográfico, 2005). Local rock outcrops sur-
rounded by gravelly deposits, although also occurring on 
the other shelf areas, are most common on the Sines shelf 
around Cape Sines. Of particular interest with regards to 
local enrichment of trace metals in near-shore deposits 
are the Melides, Santo André and Sancha lagoons, locat-
ed in the coastal arc north of Cape Sines. These lagoons 
have as common feature a narrow, linear and reflective 
sand barrier which is attached to the mainland at both 
ends (Freitas et al., 2002).
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mined by Huertos and de los Monteros (1974) in Gomes 
(1988) for the fine-grained fraction and those used by Ro-
cha (1993), Oliveira et al. (2002) and Abrantes (2005) for 
the clay fraction. The XRD mineralogical analyses were 
performed on the fine-grained gently homogenised sedi-
ment (< 63 µm) as single runs and on the clay fraction 
by running three successive XRD scans on the sample: a 
first scan on the original air dried sample, a second scan 
after saturating the sample with glycerol, and a third scan 
after heating the glycerol-saturated sample to 500 °C for 
90 minutes.
4. Results
4.1. Grain size of the fine-grained sediment fraction
Relatively higher values of mean grain size of the fine-
grained sediment fraction occur in different parts of the 
study area such as the upper reaches of the Cascais, Lis-
bon and Setúbal canyons where fine-grained sediments 
dominate bulk sediments and off the Sado Estuary and 
in the southernmost part of the study area close to Cape 
Sines where bulk sediments is dominantly sand. The 
mean grain size values of the fine-grained sediment frac-
tion seem therefore to have no relationship with water 
depth or to the type (bulk grain size) of sedimentary de-
posit (not shown). Modal grain size values of the referred 
sediment fraction show as well no relationship with water 
depth or to the type of sedimentary deposit (Fig. 2a). On 
the other hand, contents of clay-sized particles show a 
clearer spatial distribution patterns (Fig. 2b). Relatively 
lower contents of clay-sized particles (17 to 31 %) are 
found on the Lisbon shelf compared to the other studied 
shelf areas (Table 1) and also closer to the Cape Sines in 
the southernmost area (Fig. 2b).
4.2. Fine-grained fraction bulk mineralogy
Seven different minerals / groups of minerals make up 
the bulk of the fine-grained fraction of surface sediments 
of the Lisbon-Setúbal-Sines shelf (Table 1). In order of 
most to least abundant these are: Quartz (Qz), Calcite 
(Cc), Phyllosilicates (Phy), Plagioclases (Plg), K-Feld-
spars (K-F), Aragonite (Arg) and Mg-Calcite (Mg-Cc).
Quartz shows the highest contents at shallower water 
depths at sandy inner shelf deposits, and the lowest con-
tents at fine-grained deposits of the shelfbreak and upper 
canyons. Concentrations of calcite tend to be higher in 
sandy deposits however they can also be higher in fine-
grained deposits, as it happens in the upper Setúbal Can-
yon (Fig. 2c). In general, contents of calcite seem more 
related to the spatial distance from present-day active 
sediment sources rather than to the dominant grain size 
residue was dissolved in HCl. The diluted samples were 
analysed using an ICP-MS. All samples were analysed in 
a single run to reduce instrumental drift-effects. Several 
samples were repeated in the beginning and at the end of 
the run to assess the amount of drift.
Accuracy and precision were assessed through analysis 
of 8 repeats of reference material DST6. Unidentified re-
peats (10 % of the total number of samples, according to 
recommendations of Darnley et al., 1995) and 2 samples 
of reference material GBW 07309A (China Centre for cer-
tified Ref. Mat.) were also included among our samples.
In order to express accuracy, percent recovery calcu-
lated from the reference material DST6 was between 90 
and 110 % for most elements, except for Zn which seems 
to have been underestimated (88 %). Percent recovery 
calculated from the standard reference material GBW 
07309A indicated underestimation of Cr (67 %), U (87 
%) and Ti (82 %). Precision was assessed through relative 
standard deviation (RSD) and based on replicate analyses 
made by the laboratory and 12 replicate samples includ-
ed in our set of samples. According to Huber (1998) in 
Ribani et al. (2004) values of RSD < 5 % and < 20 % are 
acceptable for major and minor elements, respectively. 
RSD values calculated through the laboratory’s replicate 
analyses were within acceptable limits for all elements 
except Ti, which had a precision of 9 %. RSD values cal-
culated using the 12 included replicate samples give also 
percentages within acceptable limits for all elements ex-
cept again Ti with the same accuracy of 9 %.
3.4. Mineralogical analyses
For the present study a total of 99 surface sediment 
samples were analysed for bulk mineralogical content 
and 64 surface sediment samples for clay mineralogi-
cal contents, by means of XRD analysis. The majority 
of analyses were carried out at the Geosciences Depart-
ment of the University of Aveiro, and a smaller number 
at the Instituto Hidrográfico in Lisbon. In both laborato-
ries analyses were carried out using a Philips PANalytical 
diffractometer, with CuKα radiation, following the same 
analytical procedure. The identification of the main min-
eral phases in the samples was done by using the database 
from Brindley and Brown (1980) and MacDiff software’s 
database (Petschick, 2000). An attempt to quantify rela-
tive abundance of minerals was also done, on the basis of 
the percentage approach, which takes the sum of all iden-
tified phases in a sample as 100 %. Since this is a relative 
quantification the term semi-quantification is used in the 
presented estimates. For semi-quantitative analysis, the 
peak areas from basal reflections of minerals were esti-
mated using MacDiff software (Petschick, 2000) and af-
terwards weighted by empirically estimated factors deter-
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from plagioclase. Finally, both aragonite and Mg-calcite 
reach high contents (> 20 %) in inner shelf sandy deposits 
while they seem absent in most of the other sedimentary 
deposits. 
 4.3. Clay-fraction mineralogy
Four different groups of minerals were identified and in 
most cases their percentages can vary considerably (Ta-
ble 1): illite (54 – 80 %), kaolinite (18 – 40 %), smectite 
(1 – 12 %) and chlorite (0 – 3 %). 
Contents of illite in the study area show a southward 
increase and also some enrichment with increasing water 
depth. Both Tagus and Sado mud patches have contents 
between 61 and 69 % while values over 72 % occur al-
most exclusively on the Sines shelf. 
The distributions of kaolinite (Fig. 3b) and smectite 
show opposite trends to that of illite, decreasing in south-
ward direction. For this reason, only the distribution pat-
of the sedimentary deposit. Contents above 25 % and 
up to 62 % occur on the Setúbal and Sines shelf, except 
near the shore, whereas on the Lisbon shelf contents are 
consistently below 25 % (Fig. 2c). Contents of phyllo-
silicates seem related to fine-grained sediment deposits. 
High concentrations (> 25 %) are found in the Tagus mud 
patch and even higher contents (> 40 %) are found in the 
Lisbon Canyon (Fig. 2d). On the Setúbal shelf three ar-
eas show enrichments in phyllosilicates: sediments in the 
outlet of the Sado Estuary (59 %), the Sado mud patch 
and the upper Setúbal Canyon (on both reaching ~40 %). 
On the Sines shelf, percentages of phyllosilicates tend to 
be lower than 20 % (Fig. 2d). As for plagioclase, high-
er values occur in the Tagus and Sado mud patches and 
also in the inner shelf adjacent to St. André and Melides 
coastal lagoons (Fig. 3a). Contents seem related to the 
distance to present-day active sediment sources rather 
than to the dominant grain size of the sedimentary depos-
it. The distribution pattern of K-feldspars is similar to that 
Fig. 2- Grain size mode (a), content of clay-sized particles (b) calcite (c) and phyllosilicates (d) in the fine-grained fraction of surface sediments from 
the Lisbon-Setúbal-Sines shelf and upper slope.
Fig. 2- Moda (a), contenido de las partículas de tamaño de arcilla (b), calcita (c) y filosilicatos (d) de la fracción de grano fino de los sedimentos su-
perficiales de la plataforma Lisboa-Setúbal-Sines y talud superior adyacente.
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tern of kaolinite is shown. Generally, the highest con-
centrations are associated to the outlets of the Tagus and 
Sado estuaries. The spatial distribution of chlorite shows 
no clear trend.
4.4. Major and trace elements
Mean concentrations of Al, As, Cu, Fe,  Mg, Mn, Pb, 
Th, Ti, U and Zn are highest on the Lisbon shelf and low-
est on the Sines shelf, whereas the reverse pattern is ob-
served for Ca, Cr and Ni (Table 1). Intermediate values 
are found on the Setúbal shelf. By closer inspection of 
distribution patterns of these elements in the different 
shelf areas, four groups of elements with different dis-
tribution patterns can be distinguished: 1) Ca, 2) Al, Fe, 
Mg, Th, Ti, U, 3) As, Cu, Mn, Pb, Zn,  4) Cr, Ni (Figures 
4). The groups established according to their distribution 
patterns also appear from Spearman correlation analysis, 
as shown in Fig. 5.
The lowest concentrations of Ca occur on the Tagus 
and Sado mud patches, yet on the latter contents are 
slightly higher. Calcium occurs in highest concentrations 
in the fine-grained fraction of inner shelf sandy deposits. 
Despite these generally high contents of Ca in the inner 
shelf, adjacent to the Santo André and Melides lagoons 
concentrations decrease to values similar to those found 
in the Tagus and Sado mud patches. The correlation anal-
ysis shows, as expected, that Ca correlate with carbonates 
(Table 2). 
Al, Fe, Mg and Ti are closely associated with relatively 
fine-grained sediments (Fig. 6a and b) rich in quartz and 
phyllosilicates which prevail on the Tagus and Sado mud 
patches and along the canyon edges (Fig. 2d). The trace 
elements Th and U appear in the same association (Fig. 5).
Lisbon shelf Setúbal shelf Sines shelf
Mean± Std. Dev. (N) Min-Max Mean± Std. Dev. (N) Min-Max Mean± Std. Dev. (N) Min-Max
Clay (%) 24.3±4.7 (10) 17.4 - 31.3 32.5±3.6 (16) 27.0 – 40.7 31.3±3.8 (17) 23.1 - 38.0
Mean grain-size (µm) 6.9±0.4 (10) 6.1 - 7.4 6.4±0.9 (16) 4.9 – 7.7 6.9±1.2 (17) 5.0 – 9.8
Mode grain-size (µm) 6.9±0.4 (10) 6.5 – 7.8 6.9±1.7 (16) 4.6 – 11.0 9.0±7.6 (17) 4.6 – 31.3
Qz  (%) 36.6±9.8 (22) 12.2-51.0 30.6±7.4 (38) 16.1-47.0 30.6±8.4 (39) 15.1 - 50.2
Phy (%) 26.8±12.1 (22) 8.7-46.3 22.7±10.2 (38) 5.3-58.6 15.0±6.2 (39) 2.7 - 27.6
Cc (%) 17.1±5.4 (22) 9.3-29.2 26.2±8.7 (38) 6.4-41.4 33.6±13.6 (39) 7.1 - 62.3
Plg (%) 10.2±3.4 (22) 3.2-16.9 7.4±3.3 (38) 1.6-15.1 8.0±5.3 (39) 1.6 - 24.6
FK (%) 6.4±4.4 (22) 1.4-16.4 5.4±2.9 (38) 0-11.5 7.5±5.7 (39) 1.2 - 24.9
Cc-Mg (%) 2.6±8.0 (22) 0-36.2 2.8±5.7 (38) 0-24.4 2.6±6.0 (39) 0 - 26.0
Arag (%) 0.4±1.2 (22) 0-5.0 4.9±6.5 (38) 0-24.2 2.8±2.6 (39) 0 - 12.8
Ill (%) 65.0±2.4 (19) 61.2-70.9 66.5±4.7 (25) 55.3-74.0 70.5±5.7 (20) 54.2-80.4
Kao (%) 31.8±2.4 (19) 26.7-35.5 30.3±4.4 (25) 22.7-39.7 25.5±3.7 (20) 17.7-32.5
Sm (%) 2.3±0.6 (19) 0.9-3.3 2.3±1.0 (25) 0.8-4.8 2.7±2.6 (20) 1.0-11.8
Chl (%) 0.9±0.7 (19) 0-3.2 1.0±0.9 (25) 0-3.2 1.3±0.9 (20) 0-3.4
Al (%) 7.9±1.5 (23) 3.7-9.6 6.2±1.8 (40) 2.2-9.0 5.2±1.5 (43) 2.0 - 7.5
As (µg g-1) 24±13 (23) 12-60 18±8 (40) 8-42 15±6 (43) 8-41
Ca (%) 5.0±3.5 (23) 2.6-19.5 10.5±4.7 (40) 3.3-22.8 11.0±4.0 (43) 3.2 - 22.4
Cr (µg g-1) 86±88 (23) 49-400 105±113 (40) 38-559 139±146 (43) 33-651
Cu (µg g-1) 29±7 (23) 15-45 27±12 (40) 13-74 21±7 (43) 12-52
Fe (%) 3.7±0.6 (23) 2.0-4.8 3.2±0.9 (40) 1.4-5.2 2.7±0.9 (43) 1.1 - 4.8
Mg (%) 1.2±0.1 (23) 1.0-1.6 1.1± 0.2 (40) 0.6-1.8 1.0±0.3 (43) 0.4 - 2.0
Mn (µg g-1) 407±231 (23) 220-1194 413±663 (40) 129-4452 296±165  (43) 118 - 1105
Ni (µg g-1) 50±58 (23) 24-266 64±65 (40) 20-303 95±103 (43) 12-431
Pb (µg g-1) 91±54 (23) 40-273 75±54 (40) 19-295 56±47 (43) 21-237
Th (µg g-1) 21±21 (23) 9-102 14±8 (40) 4-34 10±4 (43) 5-23
Ti (%) 0.4±0.1 (23) 0.2-0.8 0.3±0.1 (40) 0.1-0.6 0.3±0.1 (43) 0.1 - 0.5
U (µg g-1) 4.4±3.3 (23) 2.1-17.1 3.1±1.3 (40) 1.2-6.4 2.5±0.9 (43) 1.2-4.4
Zn (µg g-1) 190±66 (23) 93-353 153±69 (40) 57-405 91±20 (43) 36 - 146
Phy – phyllosilicates, Qz – quartz, K-F – K-feldspars, Plg – plagioclase, Cc – calcite, Mg-Cc – Mg-calcite, Arg – aragonite, Kao – Kaolinite, Ill – Illite, Sm – Smectite, Chl – Chlorite
Table 1 - Descriptive statistics of the elemental composition of sediment samples collected in the Lisbon-Setúbal-Sines continental shelf and upper slope
Tabla 1 – Estadística descriptiva de la composición elemental de las muestras de sedimento recolectadas en la plataforma continental Lisboa-Setúbal-
Sines y talud superior adyacente
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Despite the general trend increasing northwards, high-
est concentrations of As, Cu, Mn, Pb, and Zn are observed 
on the inner shelf close the mouths of the Tagus and Sado 
rivers. From this group, Cu and Zn correlate with phyl-
losilicates in the fine-grained fraction and As, Pb and Zn 
correlate with kaolinite identified in the clay fraction. The 
highest Cr and Ni contents are associated with inner shelf 
sandy deposits of the Setúbal and Sines shelf. The very 
few samples collected in the inner shelf deposits from the 
Lisbon shelf do not allow the same conclusion for this 
area. On Setúbal and Sines inner shelf areas there is a 
southwards increase of both these elements. 
4.6. Enrichment factors for Cu, Pb and Zn 
The level of trace metal enrichment in sediments can be 
assessed through different indices (e.g. Loring and Ran-
tala, 1992). In this study, the enrichment of trace metals 
in surface sediments was assessed after normalization of 
trace metal concentrations relative to Fe and using aver-
age normalised trace metal concentrations of sediments 
older than ~150 years from a nearby area (Jesus et al., 
2010) as pre-industrial reference. Since Fe had the high-
est accuracy in the baseline dataset and there were no 
signs in our data that secondary diagenetic enrichment of 
trace metals played a significant role, we choose to use Fe 
for the normalisation of trace metals. Besides, the linear 
relationships between enrichment factors using Al and Fe 
as normaliser are close to Y=X and show R2 = 0.93; R2 = 
0.88; R2 = 0.78 for Zn, Pb and Cu, respectively.
Enrichment factors (EF) higher than 1.5 are considered 
to indicate significant enrichment. Considering the ele-
ments analysed in both sets and the results obtained by 
applying the normalization, we concluded this baseline 
was mainly suited to analyse the enrichment of Cu, Pb 
and Zn.
Enrichment factors of Pb and Zn (and Cu to some ex-
tent) decrease with increasing water depth (Fig. 7). Lead 
shows a considerably higher percentage of samples en-
riched (EF>1.5) compared to Zn and Cu (88 % against 
43 % and 30 %, respectively). Most of the samples not 
enriched in those trace metals occur on the Sines shelf, 
especially on the outer shelf and upper slope, and in the 
upper Setúbal Canyon. While sediments enriched in Pb 
extend over most of the study area, the area with sig-
nificant enrichment in Zn appears to be more restricted 
to the Lisbon shelf and a relatively narrow area close to 
the coast on the Setúbal and Sines shelves. The highest 
EFs of Pb (7 - 25) occur in the Sado and Tagus pro-
delta deposits while the highest EF of Zn (3 - 12) oc-
cur in the Sado pro-delta deposit, along the inner shelf 
between Tróia and Sines and in the Tagus mud patch 
(Fig. 7 and Table 3). Most of the samples enriched in 
Cu are from inner shelf sandy deposits and only few 
from mud patches on the Lisbon and Setúbal shelves. 
Among various other areas on the inner shelf, high EFs 
of Cu occur close to the Sado River mouth in the Sado 
pro-delta deposit.
5. Discussion
5.1. Elemental distribution patterns
On the Lisbon-Setúbal-Sines shelf elemental concen-
trations of the fine-grained sediment fraction appear to 
a large extent related to the amount of fine-grained frac-
Fig. 3- Content of plagioclase (a) in the fine-grained fraction and content of kaolinite in the clay fraction (b) of surface sediments from the 
Lisbon-Setúbal-Sines shelf and upper slope.
Fig. 3- Contenido de plagioclasa en la fracción de grano fino (a) y el contenido de caolinita en la fracción de arcilla (b) de los sedimentos su-
perficiales de la plataforma Lisboa-Setúbal-Sines y talud superior adyacente.
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trace metal carriers involved and/or that part of the con-
tents of trace metals cannot be explained by the available 
metal carriers, but may represent anthropogenic enrich-
ment. This is in accordance to findings from other au-
thors that have studied specific areas from this part of the 
Portuguese continental shelf and slope (e.g. Paiva et al., 
1997; Mil-Homens et al., 2009).
The distribution patterns of As, Cu, Mn, Pb and Zn show 
higher concentrations in sediments close to the outlets of 
estuaries and coastal lagoons (Fig. 4c illustrates the case 
of Pb). This is conceivably related to co-precipitation of 
these trace elements with Mn and Fe (hydr)oxides as ob-
served in several other estuary systems (e.g. Zwolsman 
and van Eck, 1999 and reference therein). Particularly in 
the lower Sado Estuary, Cortesão (2002) studied the re-
activity of Cd, Co, Cr, Cu and Ni and concluded that co-
precipitation with Mn is the main process affecting par-
ticulate Co. Furthermore, this author considers that this 
process may well be critical in the coastal area as well. 
tion within the bulk sediment. The Lisbon shelf is largely 
covered by fine-grained deposits derived from the Tagus 
River, while towards the south, on the Setúbal and Sines 
shelves, deposits rich in fine-grained material are less 
widespread (Fig. 1). In accordance, elements typically as-
sociated with fine-grained lithogenic sediments (Al, Fe, 
Mg, Ti) (Fig. 6a, b) show a southward decrease in mean 
concentrations (Table 1). In the southern area, relatively 
coarse sediments with high contents of biogenic carbon-
ate are prevalent, which is in turn expressed in the fine-
grained fraction by generally high concentrations of Ca.
Although trace metals are in general mostly associated 
with lithogenic input, the distribution of As, Cu, Mn, Pb 
and Zn on the Lisbon-Setúbal-Sines shelf show spatial 
patterns that differ somewhat from the distribution of 
mineral and elemental proxies of lithogenic input, as well 
as proxies of biogenic material (calcium and carbonate 
minerals – calcites and aragonite). The differing patterns 
of these trace metals indicate that there must be other 
Fig. 4- Content of Ca (a), Fe (b), Pb (c) and Ni (d) in the fine-grained fraction of surface sediments from the Lisbon-Setúbal-Sines shelf and 
upper slope.
Fig. 4- Contenido de Ca (a), Fe (b), Pb (c) y Ni (d) en la fracción de grano fino de los sedimentos superficiales de la plataforma Lisboa-
Setúbal-Sines y el talud superior adyacente.
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Fig. 5- Schematic diagram showing the positive Spearman correlations 
(C) between major and trace elements in surface sediments from the 
Lisbon-Setúbal-Sines shelf and upper open slope. Note: Ca is not rep-
resented in the diagram, due to its negative correlation with all other 
elements except Cr and Ni.
Fig. 5- Diagrama esquemático que muestra las correlaciones (C) de 
Spearman positivas entre los elementos mayoritarios y traza en sedi-
mentos superficiales de la plataforma de Lisboa-Setúbal-Sines y el ta-
lud superior. Nota: Ca no está representado en el diagrama debido a su 
correlación negativa con todos los demás elementos, excepto Cr y Ni.
% clay-sized part. Phy Qz K-F Plg Cc Mg-Cc Arg Kao Ill Sm Chl
Al - 0.64 0.29 - 0.44 -0.32 -0.36 -0.74 0.41 -0.31 - -0.39
As - - - - 0.38 -0.68 0.23 - 0.52 -0.56 0.37 -
Ca 0.45 -0.45 -0.52 - -0.69 0.60 0.40 0.72 -0.51 0.43 - 0.35
Cr - - - - - -0.41 0.24 0.30 0.35 -0.38 - -
Cu - 0.56 0.27 - 0.47 -0.58 - -0.40 0.48 -0.47 0.28 -
Fe - 0.50 - - 0.27 -0.24 - -0.43 0.38 -0.29 - -0.31
Pb -0.35 0.24 0.26 - 0.30 -0.67 - - 0.62 -0.74 0.49 -
Mg - 0.54 - - 0.28 -0.21 - -0.32 0.32 -0.29 - -
Mn - 0.22 - - 0.24 -0.45 - - 0.36 -0.40 0.27 -
Ni - - - - - -0.26 0.36 0.29 - - - -
Th -0.38 - 0.55 0.21 0.45 - -0.45 -0.58 0.29 - - -
Ti -0.38 0.32 0.49 - 0.55 -0.38 -0.31 -0.65 0.41 -0.37 - -0.30
U -0.33 - 0.46 - 0.40 - -0.44 -0.56 0.37 -0.31 - -0.27
Zn - 0.58 0.25 - 0.38 -0.58 - -0.33 0.70 -0.71 0.33 -
Phy – phyllosilicates, Qz – quartz, K-F – K-feldspars, Plg – plagioclase, Cc – calcite, Mg-Cc – Mg-calcite, Arg – aragonite, Kao – Kaolinite, Ill – 
Illite, Sm – Smectite, Chl – Chlorite. Mean and modal grain size show no significant relationship with any element analysed
Table 2 - Spearman correlation matrix: elemental concentrations against bulk and clay mineralogy and contents of clay-sized particles. Only 
significant correlation coefficients are shown and correlation coefficients higher than |0.50| are highlighted as bold.
Tabla 2 – Matriz de correlación de Spearman: concentraciones elementales contra la mineralogía total y de arcilla y el contenido de partículas 
del tamaño de las arcillas. Sólo se muestran los coeficientes de correlación significativos. Los coeficientes de correlación superior a |0,50| 
se destacan en negrita
minerals (Jenne, 1976).
Enhanced concentrations of As, Cu, Pb, Zn together 
with Mn on the inner shelf adjacent to the Melides and 
St. André lagoons reflect the contribution of trace metals 
of these lagoons when these are opened to the sea. These 
coastal lagoons are naturally closed off from the sea by a 
sand bar, but every spring (and a common practice since 
the 18th century) both lagoons are artificially opened to 
promote water exchange with the open sea with the ob-
jective of preventing eutrophication (Freitas et al., 1999). 
When the lagoons are opened to the sea, there is local-
ized erosion and remobilization of superficial sediments 
and organic matter from the bottom of the lagoon, and 
export to open sea (Freitas et al., 2000). Several studies 
(e.g. Cruces et al., 2006) have reported trace metal enrich-
ments from surface sediments in these coastal lagoons. 
The referred study reported enrichments of Cd, Pb and 
Zn in the surface sediments of the St. André lagoon. Je-
sus et al. (2005) found high contents of Mn and various 
trace metals in beach sediments from the area adjacent to 
these lagoons, distinctly higher than in other areas of the 
coastal arc between Tróia and Sines. The high contents of 
trace metals and Mn in beach and adjacent shelf sediments 
seem therefore to come from the lagoons. Furthermore, 
high contents of plagioclase found in the fine-grained 
fraction of beach and shelf sediments from this area (Fig. 
3a), supposedly sourced by the Santo André and Melides 
lagoons, reinforce this idea of sediment (and trace met-
als) being nourished by these lagoons into the adjacent 
shelf and beach. This is a localized increase of plagioclase 
(Fig. 3a) and according to Jesus (2011) other significant 
sediment sources (e.g. sea-cliffs) affecting the area do not 
seem to contribute sediment enriched in these minerals.
Unfortunately, As, Pb and Zn were not considered in the 
referred study.
As, Cu, Pb, and Zn show as well some relationships 
with lithogenic material, as represented by significant 
correlations with Al, Fe, phyllosilicates and kaolinites 
(Table 2). Kaolinite distribution on the Lisbon and Setúbal 
shelves appears to reflect river input (Fig. 3b). Since most 
conceivably the rivers are also the main source of trace 
metals, it seems logical that trace metals are carried off 
the estuaries in association with aggregates formed by 
the more common kaolinites. Coatings of organic matter 
and Fe and Mn hydroxides precipitated on clay particles 
may further enhance the adsorptive capacity of these clay 
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kaolinite, whose distribution on the Lisbon and Setúbal 
shelves appears to reflect river input. Indeed, high trace 
metal concentrations in water, sediments and biota due 
to anthropogenic activities have been reported for both 
estuaries (e.g. Caeiro et al., 2005, Cotté-Krief et al., 2000, 
França et al., 2005).
On the inner shelf between Tróia and Sines, decreas-
ing levels of enrichment of Cu, Pb and Zn in southward 
direction, along with the prevailing net longshore drift 
of sediments towards south (except in the northernmost 
portion where longshore drift is in the opposite direction) 
(SNIRLit, 2012 and references therein) suggests once 
more that the Sado Estuary is the most likely source for 
these trace metals. In the Sines shelf area, some minor en-
richment of trace metals seem to come from the St. André 
and Melides coastal lagoons, affecting beach and inner 
shelf sediments in the surrounding area.
Since the enrichment of Pb is found to extend over a 
much wider area of the shelf and upper open slope than 
that of other two trace elements, it can be deduced that 
other sources of pollutant Pb must exist apart from the 
5.2. Enrichment of Cu, Pb and Zn and pathways of trace 
metal dispersal
The percentage of samples showing significant trace 
metal enrichment (EF > 1.5) per element follows the se-
quence: Pb (88 %) > Zn (43 %) > Cu (30 %). The areas 
most affected by enrichment of trace metals include the 
entire area studied from the Lisbon shelf, the Sado mud 
patch and the inner shelf between Tróia and Sines. Gen-
erally, the enrichment of these three trace metals tends to 
decrease in offshore direction (Fig. 7 and Table 3), sug-
gesting that the excess of trace metals must be derived 
from land. This same pattern was found by Richter et al. 
(2009) and Jesus et al. (2010) for Pb and Zn further off-
shore in the Lisbon-Setúbal and Cascais submarine can-
yons and adjacent slope.
Enrichment of Pb and Zn on the Lisbon shelf and the 
Sado mud patch, and of Cu in the latter area points to the 
nearby Tagus and Sado estuaries as the likely sources of 
enrichment. This origin is also highlight by the signifi-
cant positive correlations between these trace metals and 
Fig. 6- Contents of fine-grained sediments on the bulk surface sediment against concentrations of Al (a), Fe (b), Pb (c) and Zn (d).
Fig. 6- Contenido de la fracción de grano fino en los sedimentos superficiales contra las concentraciones de Al (a), Fe (b), Pb (c) y Zn (d).
a)
c)
b)
d)
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also gradually phased out, starting in the early 1990s and 
completely eliminated in Portugal only in 1999 (Roma-
Torres et al., 2007). However, Mil-Homens et al. (2009), 
in a study of trace metal accumulation in sediments from 
the Tagus mud patch during the 80 years between 1920 
and 2000, concluded that sediments dated between 1980 
and 2000 show constant enrichment values of trace met-
als, presumably due to the homogenizing effect of biotur-
bation in the surface mixed layer. EFs between 1980 and 
2000 obtained by these authors are indeed very similar 
to those obtained in the present study for the same area 
(Table 3). Both these sets of results (this study and Mil-
Homens et al., 2009) show higher EF (Pb) [and EF(Zn) 
to some extend] than those calculated from the results of 
Paiva et al. (1997) for this same area (Table 3). This seems 
related to the fact these last authors analysed bulk sedi-
ment which decreases trace metal concentration through 
dilution. The enrichment factors found in our grab sam-
ples from the Lisbon upper slope (present study) are also 
comparable to those reported from multicore tops from 
the same area (Jesus et al., 2010).
The good agreement between this study and the other 
three independent studies, as shown in Table 3, gives rea-
son for confidence that results presented in this study are 
a good representation of the enrichment of trace metals 
in surface sediments over the 20 years between 1980 and 
2000, perhaps even further.
6. Conclusions
On the Lisbon-Setúbal-Sines shelf concentrations of 
major elements Al, Fe, Mg, Ti and trace elements U and 
Th within the fine-grained sediment fraction appear to a 
large extent related to the amount of fine-grained frac-
river discharge. In fact, enrichment factors above 1.5 
were also found for most part of the Lisbon-Setúbal 
and Cascais canyons and adjacent open slope (Jesus et 
al., 2010). Atmospheric input may well contribute as a 
source of contamination potentially involving the whole 
studied shelf area and also the submarine canyons and 
open slope. Richter et al. (2009) concluded that fly ashes 
from waste incinerators are the main source for the pol-
lutant lead found in surface sediments (first 0.5 cm) and 
in settling particulate material from the Lisbon-Setúbal 
submarine canyon and adjacent slope, based on lead 
stable isotopes signatures. It is therefore likely that this 
same source of pollutant lead affects the adjacent shelf 
area (which is closer to the source). However, between 
1980 and 1987, when our samples were collected, leaded 
gasoline was still in use. This source included atmospher-
ic pathways but also direct inputs into the watercourses 
and the marine environment via runoff from roads and 
pavements. Therefore, considering the time of collection 
of our sediment samples is likely that both leaded gaso-
line and waste incinerators contributed to Pb enrichment. 
5.3. Significance of the presented enrichment factors in 
terms of time frame
As mentioned above, the sediment samples from the 
shelf here presented were collected between 1980 and 
1987, which implies that they may not represent the pres-
ent state of contamination of the shelf. Present-day shelf 
sediments could be expected to be less contaminated with 
trace metals, after improvement of industrial and domes-
tic effluent treatment and closing of some industrial point 
sources in both the Tagus and Sado estuaries during the 
past two decades. During this time leaded gasoline was 
Fig. 7- Enrichment factors of Pb (a) and Zn (b) in the fine-grained fraction of surface sediments from the Lisbon-Setúbal-Sines shelf and upper slope.
Fig. 7- Factores de enriquecimiento de Pb (a) y Zn (b) de la fracción fina de los sedimentos superficiales de la plataforma Lisboa-Setúbal-Sines 
y el talud superior adyacente.
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tion in the bulk sediment. The above-mentioned elements 
have highest contents on the Lisbon shelf, which is large-
ly covered by fine-grained lithogenic deposits derived 
from the Tagus River. On the Setúbal and Sines shelves, 
deposits rich in fine-grained material are less widespread 
and coarser carbonate rich sediments prevail. This is in 
turn expressed by generally high concentrations of Ca.
Distribution of trace metals As, Cu, Mn, Pb and Zn on 
the other hand show spatial patterns that differ to some 
extent from the distribution of mineral and elemental 
proxies of lithogenic and biogenic material. The differ-
ing patterns indicate that, most likely, part of trace metal 
content may represents anthropogenic enrichment. 
Higher concentrations of trace metals in sediments 
close to the inlets of the Tagus and Sado estuaries and the 
St. André and Melides coastal lagoons indicate these as 
trace metal sources for the shelf environment.
The extent of enrichment of trace metals in the stud-
ied area follows the sequence: Pb > Zn > Cu. Generally, 
the enrichment of trace metals tends to decrease in off-
shore direction, as also found in previous studies for the 
nearby submarine canyons, suggesting that the excess of 
trace metals must be derived from land. The areas of the 
Lisbon-Setúbal-Sines shelf most affected by enrichment 
of trace metals include the entire area studied from the 
Lisbon shelf (mainly the Tagus mud patch), the Sado mud 
patch and the inner shelf between Tróia and Sines. Since 
these mud patches are composed of sediments derived 
from the Tagus and Sado rivers, enrichment of Pb and Zn 
on the Lisbon shelf and the Sado mud patch, and of Cu, in 
the latter area, points to the nearby estuaries as the likely 
sources of enrichment. In addition, the more widespread 
enrichment of Pb in sediments points to contributions 
from atmospheric inputs. Leaded gasoline and fly ashes 
from waste incinerators seem to have contributed to Pb 
enrichment in surface sediment, considering the time of 
collection of our samples. 
The good agreement between the results from the 
present study and other three independent studies gives 
reason for confidence that our results provide a represent-
ative view of trace metal enrichment in surface sediments 
between 1980 and 2000, perhaps even further.
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